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SUMMARY 
A model for predicting rocket combustion performance is presented which is based 
on the assumption that performance is limited only by gas-phase turbulent diffusion, or  
mixing, of oxidant and fuel vapors. The model shows how mixture ratio, chamber 
length, injector-hole spacing, and turbulence intensity affect performance. The results 
systems are presented. 
of detailed calculations performed on an IBM 7090 computer for a number of 
INTRO DU CTlON 
Many physical processes occur simultaneously in a rocket combustor. In order to 
understand the importance of the various processes, such as vaporization, gas-phase 
mixing, or  chemical reaction, each one is considered separately s o  that their effects on 
combustor performance may be determined and compared. The vaporization process in 
rocket combustion is well understood, and an exhaustive analysis of it is presented in 
reference 1. Chemical reaction rates are usually considered to be very rapid and 
therefore not a limiting factor in controlling the rocket combustion process. A treatment 
of the relative importance of chemical reaction rates in rocket combustion is presented 
in reference 2. The mixing process, though less well understood, may possibly be, 
under certain conditions, a rate limiting step in the combustion process. Mixing in 
rocket combustion is considered in references 3 to 12. 
In essence, the model developed herein combines the highly generalized results of 
reference 3 with a technique similar to that suggested in reference 1 (p. 50). In refer- 
ence 1 it is suggested that the effect of mixing on performance may be determined by 
calculating the performance of many small areas in a combustor cross  section and 
averaging the results. The results of reference 3 show how propellant concentration 
varies radially across  the combustor as a function of chamber length, injector-hole 
@ 
spacing, and intensity of turbulence, but do not indicate what effect such variations might 
have on comlustor performance. 
The objective of this study is to translate the generalized concentration profiles of 
reference 3 into combustor performance values, A model based on that of reference 3 
is presented which enables mixing-limited performance to be calculated for particular 
propellant systems as a function of chamber length, turbulence intensity, injector-hole 
spacing, and operating propellant mixture ratio. Results of detailed digital computor 
calculations using this model are presented for  eight propellant systems: oxygen with 
hydrogen, ammonia, hydrazine, and JP-4; fluorine with hydrogen, ammonia, and 





















area, sq ft 
characteristic exhaust velocity, ft/sec 
radial concentration of oxidizer o r  fuel, mass  per unit volume 
proportionality factor (eq. (6)) 
fuel mass flow, lb/sec 
fractional fuel composition, m F / T  
proportionality constants (eq. (2)) 
chamber length, in. 
molecular weight 
mass flow 
number of annular equal-area concentric rings 
oxidant mass flow, lb/sec 
pressure, lb/sq in. 
universal gas constant 
radial distance from axis of source, in. 
r/(S/2) 
injector-hole spacing, in. 
intensity of turbulence, fluctuating o r  root mean square velocity/mean free 




s mixing parameter, T o! 
P gas density, lb/cu ft 
1c/ mixing efficiency o r  ripple factor, (o/F),,/(o/F)~~, percent 
Subscripts : 
F fuel 




t total o r  metered value 
THEORY AND MODEL FOR CALCULATING PERFORMANCE 
The diffusion of a rocket propellant component injected from a grid of point sources 
into an infinite flowing s t ream of the other propellant component is treated in reference 3. 
The extent of mixing or  the mixing efficiency is expressed as a "ripple factor, I t  which 
is the ratio of minimum to maximum radial concentration of a propellant component in a 
plane parallel to the injector face: 
The value of 1c/ is unity for complete mixing and zero for no mixing. The mixing 
parameter is the product of intensity of turbulence and the ratio of chamber length to 
injector hole spacing: 
L a = T -  
S 
The model of reference 3 is strictly applicable only for dilute mixtures of the dif-  
fusing material. 
f rom extremely fuel rich to extremely oxidant rich. To facilitate the calculations for 
rocket combustors, the ripple factor is redefined so that it represents the ratio of mini- 
The mixtures encountered in a rocket combustor may, however, vary 
3 
mum to maximum oxidant-fuel mass ratios occurring in the plane parallel to the injector , 
face: 
The oxidant-fuel ratio rather than the concentration ratio of one component will be as- 
sumed to vary radially in a gaussian manner, as described in reference 3. 
A s  in reference 3, the injector will be considered to consist of an infinite grid Of 
sources of one propellant injected into a flowing s t ream of the other propellant. 
assumed that the oxidant diffuses from the sources, then in any downstream plane paral-  
lel  to the injector face the O/F will have maximum points on the axes of the sources 
and minimum points between these axes. Because of the symmetry of the system, only 
one-half of an O/F variation cycle need be considered. The O/F distribution is as- 
sumed to vary in a gaussian manner from the maximum to the minimum points: 
If i t  is 
0 -kr2 
- = Ke 
F 
The radial distance from the axis of the source to the point of minimum concentration is 
assumed to be one-half of the grid source spacing S. A nondimensional radius may be 
defined as 
S/2 being the radial distance from maximum to minimum O/F. The value of r' then 
becomes 0 on the axis of the source, o r  point of maximum O/F, and unity at the point 
of minimum O/F. It follows that the proportionality factors K and k a r e  given by 
K = (Omrnax and q = e-k. The intermediate O/F a t  any radial position ri may be 
written 
In an analogous 
rounded by oxidant, 
fashion the fuel could be considered to diffuse from the sources sur -  




As shown in reference 3, the mix- 
ing efficiency, o r  ripple factor, 1c/ may 
be related to combustor length L, 
intensity of turbulence T,  and injector- 
hole spacing S. The results, based on 
equation (7) of reference 3, a r e  shown 
in figure 1 as a function of the turbulent 
mixing parameter CY = T(L/S). 
Since it is sufficient to consider 
only one-half of a cycle of O/F varia- 
tion to characterize an entire com- 
bustor, the axis of one of the sources 
can be considered to be the center o r  
axis of a combustor and the point of 
minimum O/F to be the wall of the 
combustor. This single-source com- 
bustor is now considered to be com- 
posed ef a large number of equal-area 
annular rings, all at equal pressure 
and having equal gas velocities. This 
20 19 18 17 16 15 14 13 approach is similar to that of refer-  
ence 6. The average O/F of each 
radius according to equation (4a). 
00 70 4035 30 25 
Turbulent mixing parameter, a = T(L/S) 
Figure 1. - Ripple factor as function of turbulent mixing Parameter. ring now depends upon its  mean 
(Turbulence T is i n  percent.) 
The mass flow through each of the equal-area rings can now be computed from the 
continuity equation: 
m = p A V  =-AV PM 
RT 
The thermodynamic equilibrium molecular weight and the temperature in each ring are 
functions of the ring composition, as computed from equation (4a). When the composi- 
tion is known, the temperature and the molecular weight can be obtained by using the 
method of reference 13. Since the rings a r e  of equal area and it is assumed that there  
a r e  no pressure  o r  velocity gradients across  the combustor, the mass flow through the 
rings may be written 
Mi m . = c -  
Ti 
Inasmuch as only the ratios of the mass flow in each ring to total mass flow in the 
b 
system enter into the subsequent equations, the proportionality factor need not be com- 
puted and, therefore, does not appear in the equations that follow. 
Since vaporization is assumed to be completed before the start of mixing, the 
initial state of the propellants is gaseous. The overall performance, expressed as 
characteristic exhaust velocity C* may now be computed from the relative mass flows 




mt = C mi 
i= 1 
It is assumed that there is no mass or  heat transfer between rings, that the gases in 
each ring attain chemical thermodynamic equilibrium conditions, and that the gases of 
each ring, when passing through the exhaust nozzle, adjust to the a rea  needed for sonic, 
that is, choked flow. 
Since it is necessary in this model to handle an extremely wide range of values for  
the mixture ratio, the calculations a re  facilitated by expressing mixture composition in 
t e rms  of fractional fuel content. Thus the composition in each ring is then written as 
1 
r2 
F =  
1 
(O/F),,+ + 1 
The total, or  metered, fuel fraction and O/F can be computed from 
6 
4 
The method of reference 13 can also be used to determine the C* corresponding to 
the metered mixture ratio. This then, is the C* that the combustor would attain if all 
reactants were perfectly mixed and combustion was completed. The ratio of the C* 
calculated from equation (7a) to this value is therefore the C* efficiency of a combustor 
having imperfectly mixed propellants. 
The input data for the computer program consisted of tables of equilibrium tempera- 
ture, molecular weight, and C* as functions of initial mixture composition expressed 
as fuel fractions. These data were obtained from the program described in reference 13. 
The other input data were values of ripple factor, number of rings, and (O/F)ma. The 
metered O/F is, unfortunately, unknown beforehand when this model is used. There- 
fore the values of (O/F),, were arbitrari ly chosen. A few preliminary runs were 
made to determine appropriate values of (O/F),, needed to generate desirable me- 
tered O/F values at a given ripple factor. 
The input data, obtained by using the method of reference 13 for characteristic ex- 
haust velocities, temperatures, and molecular weights as functions of the fuel fraction 
composition of gaseous reactants, a r e  given in  table I. A three-point logarithmic 
Lagrangian interpolation technique was used to evaluate properties between tabulated 
compositions . 
performed with a greater number indicated 100 to be sufficient. 
composition and properties were determined was the arithmetic mean radius of each 
ring; i t  was assumed that for a large number of rings the composition could be con- 




The number n of annular concentric equal-area rings was 100. A few calculations 
The radius ri at which 
The ripple factor may be determined from the following equation: 
1210 log I// = 0.497 - 
r) 
CYL 
where a! is evaluated by using turbulence in percent. This equation may be applied to 
the l inear portion of the curve shown in figure 1 if the curve is assumed to be linear for 
all values of a! l ess  than about 37. This curve indicates that mixing is completed for  an 
a! of about 70. 
terist ic exhaust velocities even though there should be no mixing of oxidant with fuel, 
and therefore no burning. Zor this situation the values of a! and become zero,  and 
equations (4) and (8) may become, in this limit, indeterminant. By applying equation (7a) 
with n = 2 for  the two regions of pure oxidant and pure fuel, it can be shown that the C* 
The propellants, i f  complete vaporization is assumed, will produce some charac- 
7 
for the case of no mixing is given by 
. 
b 
It is also possible, by using the continuity equation, to calculate the flow a reas  for  
oxidant and fuel for the case of no mixing. It can be shown that for the model, as used 
herein, the sources a r e  not true points, but possess finite area. The ratio of oxidant to 
fuel injection a rea  is given by 
For very dilute mixtures, that is, low O/F values such as those considered in 
reference 3, the source reduces to a point. 
RESULTS AND DISCUSSION 
Calculated Effects of Incomplete M ix ing  
Detailed calculations to determine the effects of incomplete propellant mixing on 
combustor performance were made for the following eight propellant systems: 
(1) Oxygen with 
(a) Hydrogen 
(b) Ammonia 
( c )  Hydrazine 
(d) JP-4 fuel 
(2) Fluorine with 
(a) Hydrogen 
(b) Ammonia 
( c )  Hydrazine 
(3) Nitrogen tetroxide with hydrazine 
Results of the calculations are shown in figure 2. Values of C* and C* efficiency a r e  
presented as functions of the calculated metered O/F with a as a parameter.  The 
uppermost performance curve in each par t  of figure 2 is a plot of the theoretical C* 
values corresponding to perfect mixing (a - > 70) and equilibrium conditions as obtained 
8 
. 
\ I I  I 
\ I  
0 /-- . --- 
4 8 12 16 20 0 2  4 6 8 10 
Oxidant-fuel weight ratio, OF 
(a) Oxygen-hydrogen system. (b) Oxygen-ammonia system. 
Figure 2. - Effect of incomplete mixing on rocket combustor performance. 
9 
0 2  4 6 8 10 0 2 4 6 8 
Oxidant-fuel weight ratio, OF 
(c) Oxygen-hydrazine system. (d) Oxygen - JP-4 system 
Figure 2. - Continued. 
10 
. 
0 2  4 6 8 10 2 4 6 8 io 
Oxidant-fuel weight ratio, OIF 
(e) Fluorine-hydrogen system. (f) Fluorine-ammonia system. 
Figure 2. - Continued. 
11 
0 2 4 6 8 10 0 2 4 6 8 10 
Oxidant-fuel weight ratio, OIF 
(g) Fluorine-hydrazine system. (h) Nitrogen tetroxide-hydrazine system. 









(b) Oxygen-ammonia system. 
’*= 96 (c) Oxygen-hydrazine 
system. 
88 


















l r n m  96 0 2 4 6 
Normalized oxidant-fuel weight ratio 
(d) Oxygen - JP-4 system. (h) Nitrogen tetroxide- 
hydrazine system. 
Figure 3. - Efficiency as function of oxidant-fuel weight 
ratio divided by that for maximum theoretical charac- 
teristic exhaust velocity. Mixing parameter, 30. 
lines for the perfectly mixed propellants). 
from reference 4. The lowest curves in 
eachpart  of figure 2 indicate the C* and 
C* efficiency that would be attained i f  both 
propellants were completely vaporized and 
flowing through the combustor with no mix- 
ing as calculated from equation 12. Al l  
calculations were made at a chamber pres -  
sure  of 300 pounds per  square inch. Only 
the O/F regions likely to be of interest  to 
a combustor designer, from 0 to 10, a r e  
shown. The model can, however, be used 
to calculate performance at  any O/F, by 
simply inserting appropriate values of 
into equation (8). 
of zero (fig. 2) indicate that the perfor- 
mance is a smooth function of O/F and is, 
for  no mixing, always bounded by the C* 
values of pure fuel and pure oxidant. A s  
mixing increases, the curves progressively 
assume the shape and values of the theoreti- 
cal curve. 
The performance efficiency is of course 
100 percent for either pure fuel or pure 
oxidant, It is seen that in most cases  the 
C* performance tends to be a maximum 
and the C* efficiency a minimum near the 
O/F corresponding to the maximum or 
peak C* (indicated by the vertical dotted 
The sharpness of these maximum and mini- 
(O/s) m a  
The C* curves for a mixing efficiency 
mum points a r e  seen to depend on the particular propellant system in question and the 
mixing efficiency. The maximum C* performance values appear almost always to be 
fuel r ich with respect to the O/F for peak theoretical C*. In contrast, the minimum 
C* efficiencies appear almost always to occur at mixtures that a r e  oxidant rich with re- 
spect to the O/F of peak theoretical C*. 
tetroxide - hydrazine systems (figs. 2(a), (c), (d), and (h), respectively) show that the 
C* efficiency is extremely sensitive to mixture ratio in the very fuel rich region, 
dropping off very  rapidly with increasing metered O/F, and then leveling off or in- 
The curves for the oxygen-hydrogen, oxygen-hydrazine, oxygen - JP-4, and nitrogen 
13 
(a) Oxygen with various fuels. 
1 - - - ’  I 9 9 . 8 1  1 I 
(b)  Fluorine with various fuels. 
14 
uorine-hydrogen 
- l -  Oxygen-hydrogen 
I - 1 -  1 1 I 
( c )  Oxygen and f luorine with hydrogen. 
15 20 25 30 35 40 
Id) Oxmen and f luorine with ammonia. 
Figure 4. - Characteristic exhaust velocity efficiency as function of mixing parameter at 
Mixing parameter, a 
(el Hydrazine with various oxidants. 
oxidant-fuel weight ratio for maximum theoretical characteristic exhaust velocity. 
. 
creasing slightly with O/F. The efficiency f o r  the fluorine-hydrogen s y s  tem decreases 
more gradually with O/F in the region shown. 
To compare more readily the effect of mixing on efficiency for various systems, all 
the systems a r e  shown in figure 3, where efficiency is plotted as a function of normal- 
ized O/F for an a! of 30. The normalized O/F is the ratio of the metered O/KGo 
the O/F corresponding to peak theoretical C*. 
in figure 4, where C* efficiency is plotted as a function of the mixing parameter for  the 
various systems. All the curves a r e  for a mixture ratio corresponding to peak theoreti- 
cal C", that is, a normalized O/F of 1. Oxygen with various fuels is shown in fig- 
u re  4(a), and fluorine with various fuels in figure 4(b). 
hydrogen-fluorine and hydrogen-oxygen systems, figure 4(d) compares the ammonia- 
oxygen and ammonia-fluorine systems, and figure 4(e) compares the performance of 
hydrazine when burned with oxygen, fluorine, and nitrogen tetroxide. 
formance with oxygen is obtained when it is burned with hydrazine. A s  mixing is im- 
proved, however, the best performance is obtained when the oxygen is burned with 
hydrogen. With fluorine as the oxidizer (fig. 4(b)) the best performance is obtained with 
hydrogen as a fuel. 
With hydrogen as a fuel (fig. 4(c)) little change is obtained in going frDm fluorine to 
oxygen. Such is also the case in figure 4(d), where ammonia is shown as the fuel. With 
hydrazine as a fuel, however, figure 4(e) shows that, for low values of a!, performance 
is markedly lower with fluorine as an oxidizer than with either nitrogen tetroxide or 
oxygen, both of which result  in nearly the same performance. With improved mixing 
the performance with fluorine becomes equal to that obtained with the other oxidizers. 
results were unchanged when the fuel w a s  in the center. 
mixing is shown in figure 5. 
of 3 with oxygen in the center. 
across  the combustor, which for the case shown is an O/F of 3. 
composition would be pure oxygen up to a nondimensional radius of about 0.4. The 
family of curves indicates then that the radial composition profiles a r e  a function of 
mixing efficiency. 





I The relative importance of mixing for the various propellant systems is also shown 
i 
~ ' Figure 4(c) compares the 
In figure 4(a), it is seen that at  low values of CY (poor mixing conditions) best per- 
All calculations were made with the oxidant in the center diffusing into the fuel. 
An example of the variations in radial reactant composition for different degrees of 
The case shown is for oxygen-hydrogen at a metered O/F 
The 
For perfect mixing the composition would be uniform 
For no mixing the 
It is seen in figure 5 that with even very slight mixing (a! = 5.8, 
) an appreciably wide mixing zone exists at the interface of pure propel- 35 
One interesting result  of this analysis is that in all cases  near-perfect performance 
This is rather signifi- appears to be attained with mixing parameter values of 35 to 40. 
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Figure 5. - Radial reactant composition across mixing zone for various 
values of mixing parameter. Oxygen in center. 
mixing efficiency of about 30 to 50 percent. This result could be of importance in situa- 
tions where it is desired to have O/F variations across  the combustor. 
in certain cases, it may be necessary to have the propellant mixture be fuel r ich near 
the wall for cooling purposes, but yet not have this result in a significant performance 
loss. The results of this study, as illustrated in figure 5, indicate the possibility of 
having such O/F gradients with little performance loss. 
Because of the many simplifying assumptions made in reducing the complex turbu- 
lent diffusion theory to the working model in reference 3 and the further assumptions of 
this study, it is not intended that the results herein be taken to have any great degree of 
rigor. 
combustion that have not been heretofore available, 
For example, the results of this study indicate that, in general, the oxidant-fuel 
mixture ratio for high performance may be near  that fo r  lowest C* efficiency. The re-  
sults also indicate which propellant systems are most likely to be sensitive to O/F 
changes and in what O / F  ranges these changes are likely to be most important. 
For  example, 
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(a) Liquid oxygen in center; 
data from reference 4. 
4 8 12 16 0 4 8 12 16 20 24 
Chamber length, L, in. 
(bl Liquid oxygen i n  an- (c) Liquid oxmen in center; data from reference 9. 
nulus; data from refer- 
ence 4. 
Figure 6. - Intensity of turbulence calculated by using experimental data and mixing model. 
Comparison With Experimental Data 
An experimental study of rocket combustor performance is presented in reference 9. 
In this study performance was evaluated as a function of O/F for a liquid-oxygen - 
gaseous-hydrogen combustor with various injectors. The injectors were designed so 
that the oxygen atomization and mixing could be varied. The O/F was varied from 
about 2 to 10. With injectors having poor atomization characteristics C* efficiency 
increased with increasing O/F, and with injectors having poor mixing characteristics 
C* efficiency decreased with increasing O/F. The predicted performance trends with 
O/F for the oxygen-hydrogen system, as shown in figure 2(a), therefore agree with ex- 
perimental data. 
combustor is the availability of the turbulence intensity value so that the mixing param- 
eter  Q! may be evaluated. There is little information about turbulence values in rocket 
combustors. Qualitative photographic studies (refs. 10 and 11) have indicated that 
turbulence intensity is high near the injector face and decreases with chamber length. 
Quantitatively, it varied (ref. 12) from as high as 10 percent at the injector to about 
2 percent 8 inches downstream. Turbulence values for the oxygen-hydrogen system 
calculated by using the experimental performance data of references 4 and 9 and cor- 
responding values of the mixing parameter are  presented in figure 6. 
The difficulty in applying the results of this model to predict the performance of a 
These turbulence values were calculated from the value of a! corresponding to the 
17 
experimental performance and O/F by using the curves of figure 2(a). Then, since the 
chamber length and injector-hole spacing were known, the turbulence intensity was  cal- 
culated. For computing a from the data of reference 4, the effective mixing length L 
was assumed to include the chamber length plus the 3-inch convergence nozzle length. 
For the single-element injectors the effective hole spacing S was considered to be 
2 inches, the chambers being 2 inches in diameter. The hole spacing for the nine- 
element injector of reference 9 was considered to be 3/8 inch. The injectors were of 
the concentric tube type; that is, one propellant was injected from a central tube sur -  
rounded by an annular injector for the other propellant. The liquid oxygen was  poorly 
atomized when injected f rom the tube and well atomized when injected from the annulus. 
In all cases turbulence decreases with increasing chamber length and increasing O/F. 
It is highest for the single-element injectors when the oxygen is centrally injected, 
somewhat lower when the hydrogen is centrally injected, and significantly lower when 
the number of elements is increased from one to nine, The effective hole spacing for 
the nine-element injector may have been somewhat greater than the actual spacing of 
3/8 inch because the holes were concentrated in the central a r e a  of the injector face. 
Assuming a more uniform spacing would have raised somewhat the turbulence value 
shown in figure 5 for the nine-element curves. It is intended that these curves give 
some idea of approximate turbulence values that may be anticipated in a combustor so 
that this model may be useful in predicting performance. 
4 
CONCLUDING REMARKS 
An attempt was made to determine the effect of incomplete propellant mixing on 
rocket combustor performance. 
a highly simplified model was necessarily used. It is not intended that the results pre-  
sented herein be taken to have a great deal of precision, but rather that they be used as 
a helpful aid in designing rocket combustors, in furthering the understanding of rocket 
combustion, and in complementing the vaporization-limited models for rocket combus- 
tion. The model may also be helpful in interpreting experimental data. 
It should not be inferred that the model presented herein can be applied only to the 
idealized injection scheme of reference 3 o r  to concentric injector schemes. This 
model can be applied to any scheme of injection that results in mixture variations across  
the injector face. In applying the model, each element of the injector, whether concen- 
t r ic ,  impinging-jet, like-on-like, o r  of any other type, may be considered as constitu- 
ting a source in reference to this model. The effective Source spacing S would then be 
taken to be the distance between injector elements, even though both propellants a r e  in- 
jected from each element. 
Because of the complexity of turbulent diffusion theory, 
18 
SUMMARY OF RESULTS 
A model for  predicting rocket combustor performance has been developed based on 
the assumption that performance is limited by gaseous turbulent diffusion. Detailed cal- 
culations were made for chamber length, injector-hole spacing, and intensity of turbu- 
lence for a number of propellant systems. The resulting curves give performance as a 
function of the mixture ratio and a mixing parameter. The following a r e  the most salient 
conclusions of this study: 
1. The effect of mixing on rocket combustor performance is a function of the propel- 
lant system, the mixture ratio, and a mixing parameter which is the product of turbu- 
lence intensity and the ratio of combustor length to injector-hole spacing. 
2. For all the propellant systems considered the effect of mixture ratio appears to 
be most pronounced in the region corresponding to that of the maximum theoretical 
characteristic exhaust velocity C* of the perfectly mixed propellants. The maximum 
C* performance was  fuel rich with respect to the C* for peak performance. The mini- 
mum C* efficiency was  always oxidant rich with respect to the oxidant-fuel ratio needed 
for  peak theoretical C*. 
3. Complete mixing need not be a necessary condition to attain high engine perform- 
ance. In all cases  considered, high-performance efficiency is predicted with as great 
as a 2 to 1 or even 3 to 1 variation in mixture ratio across  the combustor. 
Lewis Research Center, 
National Aeronautics and Space Administration, 
Cleveland, Ohio, March 19, 1965. 
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TXBLE I. - Q U I L I B R I U M  MOLECULAR WEIGHT, TEMERAlIJRX, ANL CVARACTERISTIC EXHAUST 
VELOCITY AS FUNCTIONS OF I N I T I A L  PROELLANT m L  FRACTION 
Oxygen-hydrazine 
3 2  
3 1 . 9 3 6  
3 1 . 8 7 3  
3 1 . 8 1 0  
3 1 . 7 4 7  
3 1 . 6 7 1  
3 1 . 6 5 3  
3 1 . 6 3 3  
3 1 . 6 1 1  
3 1 . 5 8 6  
3 1 . 5 5 7  
3 1 . 5 2 4  
3 1 . 4 8 5  
3 1 . 4 4 0  
3 1 . 3 8 6  
3 1 . 3 2 1  
3 1 . 2 4 0  
3 1 . 1 3 8  
3 1 . 0 0 3  
3 0 . 8 1 8  
3 0 . 5 5 0  
3 0 . 1 2 3  
2 9 . 3 3 9  
2 8 . 8 0 0  
2 8 . 4 3 5  
2 7 . 9 9 6  
2 7 . 3 4 0  
2 6 . 4 5 7  
2 5 . 1 3 8  
2 3 . 0 3 8  
2 2 . 5 3 8  
2 1 . 4 7 6  
2 0 . 3 5 9  
1 9 . 2 6 8  
1 8 . 0 6 7  
1 6 . 5 9 6  
1 6 . 0 8 4  
1 4 . 8 3 2  
1 4 . 1 8 3  
1 2 . R 1 3  
1 2 . 5 6 4  
l l . R O 5  
1 1 . 7 4 0  
1 1 . 6 7 7  
1 1 . 6 1 3  
1 1 . 5 5 1  
1 1 . 4 8 9  
1 1 . 4 2 7  
1 1 . 3 6 7  
1 1 . 3 0 7  
1 1 . 2 4 8  
1 1 . 1 8 9  
1 1 . 1 3 1  
1 1 . 0 7 4  
1 1 . 0 1 7  
1 0 . 9 6 1  
1 0 . 9 0 5  
1 0 . 8 5 0  
1 0 . 7 9 6  
1 0 . 7 4 2  
1 0 . 6 9 9  
2 9 . 0 9 5  
fraction weight 
' 2 9 8  
3 3 8  
3 7 7  
4 1 5  
4 4 3  
4 9 7  
5 0 8  
5 1 9  
5 3 2  
5 4 7  
5 6 3  
5R2 
6 0 4  
6 2 9  
6 5 9  
6 9 5  
7 4 0  
7 9 5  
8 6 6  
9 6 3  
1100  
1 3 1 1  
1 6 7 5  
1905  
2 0 4 8  
7 2 1 5  
2 4 0 8  
2 6 3 0  
2 8 8 0  
3 1 6 3  
1 2 0 5  
3 3 1 2  
3 3 8 4  
3 4 1 3  
3 3 7 8  
3 2 1 6  
3 1 2 8  
2 8 5 2  
2 6 7 5  
2 2 3 5  
2 1 4 6  
1 8 5 9  
1 8 3 3  
1808  
1 7 8 3  
1 7 5 7  
1 7 3 2  
1 7 0 7  
1 6 8 2  
1 6 5 8  
1 6 3 3  
1 6 0 8  
1 5 8 4  
1 5 6 0  
1 5 3 5  
1 5 1 1  
1 4 8 7  
1 4 6 7  
1 4 4 0  
1 4 1 6  
1 3 9 7  






1 7 7 2  
1 7 9 4  
1 8 1 8  
1 8 4 4  
1 8 7 4  
1 9 0 8  
1 9 4 7  
1 9 9 1  
2 0 4 3  
2 1 0 3  
2 1 7 5  
2 2 6 3  
2 3 7 3  
2 5 1 5  
2 7 0 7  
2 9 8 7  
3 4 4 2  
3 5 7 1  
3 7 2 0  
3 8 9 5  
4 1 3 1  
4 3 5 1  
4 6 5 9  
5 0 5 0  
5 5 8 5  
5 7 1 8  
'5861 
6 0 0 0  
6 0 7 1  
5 9 8 0  
5 7 2 1  
5 2 6 4  
5 0 6 5  
0 . 0 0 0 0 0 0  
.002  
. 0 0 4  
a 0 0 6  
.008 
-0 1 0 4 1  7 
- 0 1 0 9 8 9  
- 0 1 1 6 2 8  
. 0 1 2 3 4 6  
. 0 1 3 1 5 8  
- 0 1 4 0 8 5  
- 0 1 5 1 5 2  
. I l l 6 3 9 3  
. 0 1 7 8 5 7  
~ 0 1 9 6 0 8  
. 0 2 1 7 3 9  
- 0 2 4 3 9 0  
. 0 2 7 7 7 8  
.0,2258 
- 0 3 8 4 6 2  
. 0 4 7 6 1 9  
- 0 6 2 5  
. 0 9 0 9 0 9  
.IO00 
. 1 1 1 1 1 1  
1 2 5  
- 1 4 2 8 5 7  
- 1 6 6 6 6 7  
.2 
.25 
. 3 3 3 3 3 3  
- 3 5 7 1 4 3  
. 3 8 4 6 1 5  
. 4 1 6 6 6 7  
. 4 5 4 5 4 5  
.50 
- 5 5 5 5 5 6  
- 6 2 5  
- 6 5  
- 7 1 4 2 8 6  
.75 
. e 3 3 3 3 3  
rn 9 0  
- 9 0 5  
. 9 1  
- 9 1 5  
- 9 2  
~ 9 2 5  
.93 




. 9 5 5  
- 9 6  
e 9 6 5  
.97 
, 9 7 5  
* 9 8  
.985  
.99 
. 9 9 5  
. 9 9 9  
1 .o 
- 0 1 0 9 8 9  
- 0 1 1 6 2 8  
~ 0 1 2 3 4 6  
- 0 1 3 1 5 8  
- 0 1 4 0 8 5  
- 0 1 5 1 5 2  
. 0 1 6 3 9 3  
a 0 1 7 8 5 7  
~ 0 1 9 6 0 8  
~ 0 2 1 7 3 9  
- 0 2 4 3 9 0  
~ 0 2 7 7 7 8  
. 0 3 2 2 5 8  
- 0 3 8 4 6 2  
. 0 4 7 6 1 9  
- 0 6 2 5 0 0  
- 0 9 0 9 0 9  
. I 0 0 0 0 0  
. 1 1 1 1 1 1  
. I 2 5 0 0 0  
. I 4 2 8 5 7  
- 1 6 6 6 6 7  
. 2 0 0 0 0 0  
. 2 5 0 0 0 0  
. 3 3 3 3 3 3  
. 3 5 0 0 0 0  
. 4 0 0 0 0 0  
. 4 5 0 0 0 0  
. 5 0 0 0 0 0  
. 5 5 5 5 5 6  
, 6 2 5 0 0 0  
. 6 5 0 0 0 0  
. 7 1 4 2 8 6  
Oxygen-ammonia 
4 4 4 7  
4 0 3 9  1 
3 2 9 9  
2 8 4 8  
2 9 1 3  
2 7 7 8  
2 7 4 3  
2 7 0 7  
2 6 7 1  
2 6 3 4  
2 5 9 7  
2 5 5 9  
2 5 1 9  
3 2 . 0 0 0  
3 1 . 9 1 4  
3 1  . 8 2 8  
3 1 . 7 4 3  
3 1 . 6 5 8  
3 1 . 5 5 7  
3 1 . 5 3 3  
3 1  . 5 0 6  
3 1  . 4 7 6  
3 1  . 4 4 2  
3 1  . 4 0 4  
3 1  . 5 3 9  
3 1  . 3 0 8  
3 1  .248  
3 1  . I 7 6  
3 1  . 0 8 9  
3 0  . 9 8 1  
3 0  .845  
3 0 . 6 6 6  
3 0  . 4 2 2  
3 0  .069  
2 9  . 5 1 3  
2 8  . 5 0 4  
2 8  . I 9 4  
2 7  .823  
2 7  .368  
2 6  .796  
2 6  .n52  
2 5  .041  
2 3  .595  
2 1 . 3 8 4  
2 0 . 7 8 8  
2 0  . I 0 6  
1 9  .290  
18 .244  
1 6  .893 
1 5  .310  
1 3  .626  
1 3  . I C 3  
1 I . 9 3 2  
1 1 . 3 9 8  
1 1 . 9 8 1  
1 3  .489  
1 3  . 6 5 7  
13 . 8 3 0  
14 .006  
1 4 . 1 8 7  
1 4 . 3 7 1  
1 4 . 5 5 9  
1 4 . 7 5 1  
1 4 . 9 4 5  
1 5 . 1 4 2  
1 5  .340  
i 5 . 5 4 0  
1 5 . 7 3 8  
1 5 . 9 7 5  
1 6 . 1 2 7  
1 6 . 3 1 3  
1 6 . 4 8 7  
1 6 . 6 4 4  
1 6 . 7 7 7  
1 6  .879  
1 6 . 9 3 2  
1 7 . 0 3 2  
. 7 5 0 0 0 0  
a 8 3 3 3 3 3  
. 8 5 0 0 0 0  
.9u5  
* 9 1  
.915  
.92 
a 9 2 5  
e 9 3  
a 9 3 5  
a 9 4  
e 9 4 5  
. 9 5 0 0 0 0  
2 9 8  
3 3 9  
3 7 8  
4 1 7  
4 5 5  
5 0 0  
5 1 1  
5 2 2  
5 3 5  
5 5 0  
5 6 7  
586 
6 0 8  
6 3 3  
6 6  3 
6 9 9  
7 4 3  
7 9 8  
8 6 9  
9 6 4  
0 9 9  
3 0 3  
6 5 0  
7 4 9  
8 6 3  
9 9 6  
1 4 9  
3 2 7  
5 3 0  
7 6 3  
0 2 3  
0 7 4  
1 1 6  
1 3 0  
3 5 7  
8 1 7  
3 9 9  
8 5 0  
5 5 9  
1 9 0  
3 4 5  
6 0 5  
5 1 0  
5 0 3  
4 9 7  
4 9 0  
48  3 
4 7 6  
4 6 9  
4 6 2  
$ 5 4  
$ 4 6  
4 9 8  
i 2 9  
$ 1 9  
1 0 9  
3 9 7  
3 8 5  
3 7 1  
3 5 5  
337  
316 
3 3 0  
! 9 8  
2 3 9 2  
2 3 4 6  
2 2 9 7  
2 2 4 4  
2 1 8 6  
2 1 2 2  
2 0 4 9  
exhaust 
velocity, 1 1  ,* 
1 - 9 6 5  
- 9 7  
- 9 7 5  
.98 
- 9 8 5  
.99  
m 9 9 5 0 0 0  
! !  
-- 13uu  47- 
1 4 2 6  
1 5 1 0  
1 5 9 0  
1 6 6 6  





e 0  1 0 4 1  7 
ji 1.00 






1 3 0 0  
1 4 2 4  
1 5 0 6  
1 5 8 4  
1 6 5 9  
1 7 4 3  
1 7 6 3  
1 7 8 4  
1808 
1 R 3 4  
1 R 6 4  
1 8 9 7  
1 9 3 5  
1 9 7 9  
2 0 2 9  
2 0 8 9  
2 1 6 0  
2 2 4 7  
2 3 5 5  
2 4 9 5  
2 6 8 6  
2 9 6 2  
3 4 1 5  
3 9 4 3  
3 6 9 2  
3 8 6 6  
4 C 7 2  
L 3 2 0  
4 6 2 2  
4 9 9 9  
5 5 0 4  
5 5 9 3  
5 8 4 5  
6 0 7 3  
6 2 7 1  
6 4 3 0  
6 4 9 5  
6 4 8 0  
6 3 6 8  
6 2 6 7  
5 9 5 2  
5 8 7 8  
5 6 1 0  
5 5 8 4  
5 5 5 8  
5 5 3 1  
5 5 0 4  
5 4 7 6  
5 4 4 8  
5 4 2 0  
5 3 9 1  
5 3 6 3  
5 3 3 3  
5 3 0 4  
5 2 7 4  
5 2 4 4  
5 2 1 3  
5 1 8 2  
5 1 5 0  
5 1 1 9  
5 0 8 7  






a 0 0 6  
.008 
.O 1 0 4  1 7  
. 0 1 0 9 8 9  
. 0 1 1 6 ? 8  
. 0 1 2 3 4 6  
. 0 1 3 1 5 8  
.O 1 4 0 8 5  
. 0 1 5 1 5 2  
. 0 1 6 3 9 3  
. 0 1 7 8 5 7  
- 0 1 9 6 0 8  
. 0 2 1 7 3 9  
. 0 2 4 3 9 0  
. 0 2 7 7 7 8  
. 0 3 2 2 5 8  
.018462  
. 0 4 7 6 1 9  
- 0 6 2 5  
.I390909 
.I 
. 1 1 1 1 1 1  
. I 2 5  
. I 4 2 8 5 7  
1 6 6 6 6 7  
.2 
. 2 ,  
. 2 6 3 1 5 8  
. 2 7 7 7 7 8  
. 2 9 4 1 1 8  
. ? I 2 5 0 0  
. 7 3 3 7 3 3  
. 1 5 7 1 4 3  
. 3 8 4 6 1 5  
. 4 1 6 6 6 7  
. 4 5 4 5 4 5  
. 5 0 0 0 0 0  
. 5 5 5 5 5 6  
- 6 2 5  
. 6 5  
. 7 1 4 2 8 6  
.75  
. a 3 3 3 3 3  
. 8 5 0 0 0 0  
. 9 0  
. 9 0 5  
.91 
0 9 1 5  
.92  
. 9 2 5  
. 9 3  
. 9 3 5  
. 9 4  
. 9 4 5  
. 9 5  
. 9 5 5  
- 9 6  
. 9 6 5  
. 9 7  
- 9 1 5  
.9ii 
. 9 8 5  
. 9 9  







I 1  
1- ~ ~ 
C.O 




.O 1 0 4  1 7  
. O l l 6 2 8  
. 0 1 2 3 4 6  
. 0 1 3 1 5 8  
. 0 1 4 0 8 5  
. 0 1 5 1 5 2  
. 0 ~ 6 3 9 3  
. O H 8 5 7  
.O 1 9 6 0 8  
. 0 2 1 7 3 9  
. 0 2 4 3 9 0  
, 0 2 7 7 7 8  
.032258  
.038462  
. 0 4 7 6 1 9  
. 0 6 2 5 0 0  
. 0 9 0 9 0 9  
. 1 0 0 0 0 0  
.111111 
. 1 2 5 0 0 0  
. I 4 2 8 5 7  
. I 4 7 0 5 9  
. 1 5 1 5 1 5  
. I 5 6 2 5 0  
. I 6 1 2 9 0  
. 1 6 6 6 6 7  
. I 7 2 4 1 4  
. I 7 8 5 7 1  
. I 8 5 1 8 5  
. 1 9 2 3 0 8  
. 2 0 0 0 0 0  
. 2 0 8 3 3 3  
. 2 1 7 3 9 1  
. 2 2 7 2 7 3  
. 2 3 8 0 9 5  
. 2 5 0 0 0 0  
. 3 3 3 3 3 3  
. 3 5 0 0 0 0  
.400000 
. 4 5 0 0 0 0  
. 5 0 0 0 0 0  
. 5 5 0 0 0 0  
. 6 0 0 0 0 0  
. 6 5 0 0 0 0  
. 7 ~ 0 0 0 0  
. 7 5 0 0 0 0  
.800000 
. 8 5 0 0 0 0  
. 9 0 0 0 0 0  
. 9 0 5  
. 9 1  
. 9 1 5  
. 9 2 0 0 0 0  
. 9 2 5  
.93  
. 9 3 5  
.94 
. 9 4 5  
. 9 5 0 0 0 0  
. 9 5 5  
- 9 6  
- 9 6 5  
. 9 7  
. 9 7 5  
.98  
. 9 8 5  
.99 
. 9 9 5  
.999 
1.0000 
. o i o w 9  
~-~ 
3 2  
3 1  - 9 7 8  
31  . 9 7 1  
3 1 . 9 6 3  
3 1 . 9 6 1  
? l  . 9 5 8  
31  . 9 5 6  
3 1 . 9 5 3  
11 . 949  
3 1 . 9 4 6  
31  . 9 4 i  
31  . 9 3 6  
3 1 . 9 3 0  
3 1  .922  
3 1 . 9 1 3  
3 1  .900 
3 1  .E84 
31 .R59 
31 .R12 
3 1  . 6 5 4  
30.R81 
3 0 . 5 2 7  
3 0 . 0 5 7  
2 9 . 4 1 6  
2 8 . b 1 5  
27.51R 
2 6 . 0 2 6  
2 3 . 9 0 9  
2 3 . 3 6 9  
22  . 7 7 4  
2 2 . 1 0 R  
2 1 . 1 4 9  
2 0 . 4 7 1  
1 9 . 4 5 1  
18 .2R3 
1 6 . 9 R 1  
1 5 . 5 9 2  
1 5 . 3 0 7  
1 5 . 5 3 7  
1 6 . 2 2 7  
1 6 . 5 6 5  
1 7 . 6 1 5  
1 8 . 1 0 9  
2 0 . 2 8 8  
2 0 . 7 5 4  
2 2 . 3 1 9  
2 2 . 4 8 9  
2 2 . 6 6 2  
22 . 8 7 3  
2 3 . 0 1 5  
2 3 . 1 9 5  
2 3 . 3 7 7  
2 3 . 5 6 2  
2 3 . 7 4 8  
2 3 . 3 3 6  
2 4 . 1 2 6  
2 4 . 3 1 7  
24 .509  
2 4 . 7 0 2  
2 4 . 8 9 6  
2 5  . 0 9 0  
2 5  . 2 8 4  
2 5  . 478  
25 . 6 7 1  
25.R6, i  
26 .n1 i1  
1 0 4 9  
1 1 1 4  
1193  
1 2 8 9  
1 4 0 9  
1 5 6 3  
1 7 6 7  
2 0 4 9  
2 4 4 1  
2928  
3 0 2 8  
3 1 2 8  
,3228 
"?,I- c 
1 3 0 0  
1 8 6 8  
2 0 1 0  
2 1 6 5  
2 2 0 0  
2 2 3 7  
2 2 7 9  
2324  
2 3 7 5  
2 4 3 2  
2 4 9 5  
2 5 6 7  
2 6 5 0  
2 7 4 5  
2 8 5 9  
2 9 9 5  
3162  
3 1 7 5  
3 0 5 4  
4 5 5 8  
4676  
4R02 
4 9 3 8  
11091 
5 2 7 1  
5 4 9 3  
5774  
5R37 
5 8 9 8  
5 0 5 3  
5 9 5 9  
5 Q R b  
5 9 1 6  
5 7 5 3  
5 4 7 0  
5 0 2 9  
4 7 1 0  
4 4 5 8  
4 1 9 8  
4 1 1 0  
3f l87 
3 7 5 9  
3 4 4 1  
3 ? 7 2  
3 1 5 1  
3 1 2 8  
3 1 0 4  
3 0 8 1  
1 0 5 7  
3 0 3 3  
3009 
2984  
2 9 6 0  
2 9 3 5  
2910 
2R85 
2 8 5 9  
2 8 3 4  
2RO8 
2 7 8 2  
2 7 5 6  
2 7 2 9  
2 7 0 3  
2h7h  
? h 5 4  
4 c 1 9  
38 - 0  
3 6 . 6 0 6  
3 3  . a 9 6  
27  .E72 
2 5 . 0 3 0  
2 4 . r 4 3  
2 3 . 8 2 3  
2 3 . 1 7 Q  
22 . 4 9 5  
2 1 . 7 7 3  
21  . 0 4 6  
2 0 . 3 4 4  
1 9  . 7 6 9  
1 9 . 4 8 9  
1 9 . 4 4 1  
1 9 . 4 7 7  
1 9  . 4 3 8  
1 9 . 0 4 1  
1 8 . 2 6 1  
1 7  . 0 9 5  
1 5 . 3 8 5  
1 2 . 9 7 3  
1 2  .3R0 
1 1 . 7 1 2  
1 1  . 0 1 4  
1 0 . 2 0 4  
1 0  . O ? ?  
9 . 8 4 9  
9 . 6 6 4  
9 . 4 7 4  
9 . 2 7 8  
9 . 0 7 6  
8 .R67  
8 . 6 5 ?  
8 . 4 ? 0  
3 0 . 7 0 4  
8 . 2 0 1  
7 . 9 6 4  
7 . 7 1 9  
7 . 4 h b  
7 . 2 0 4  
6 . 9 1 5  
5 . 4 6 7  
5 . 2 4 3  
4 . 6 6 8  
4 . 2 0 7  
3 . 8 2 9  
3 . 5 1 1  
3 . 2 4 5  
3 . 0 1 5  
2 . 8 1 6  
2 . 6 4 1  
2 . 4 R 7  
2 . 3 5 0  
2 . 2 2 7  
2 . 2 1 5  
2 . 2 0 4  
2 . 1 9 2  
2 . 1 8 1  
2 . 1 7 0  
2 .  1 5 9  
2 . 1 4 8  
2 . 1 3 7  
2 . 1 2 7  
2 . 1 1 6  
2 . 1 0 6  
2 . 0 9 5  
2.OR5 
2 . 0 7 5  
2 . 0 6 5  
2 . 0 5 5  
2 . 0 4 5  
2 . 0 3 5  
2 . @ ? 6  
2 . 0 1 8  
2 . 0 1 6  
2 9 8  
8 6 3  
1 7 7  
3 3 4  
4 4 4  
558  
5 8 4  




81 '  
9 1 9  
' 1 0 1  
' 4 3 7  
' 4 1 6  
5497 
,090 
, 4 5 1  
kt2," 
, 6 6 7  
1555 
,136 


















1 9 7 1  
1 8 7 2  
1 6 1 2  
1 3 9 7  
1 2 1 6  
1062  
9 2 8  
8 1 2  
7 1 0  
6 2  1 
542  
4 7 1  




3 8 4  
375  
3 7 ?  
367 
36;  
3 5 t  
3 5 1  
3 4 t  
34c 
33: 
33 (  
321 
31' 





? e 4 7  
- 1  -~ 
l 
~ C l i , ' , i .  
Xh ,>L. .  t 
'el ocity, 
c . ,  
1 , 
I I ,'.A I '  
1 2 4 0  
2 1 8 7  
2 7 2 7  
3 0 6 3  
3 3 4 2  
3651  
3 7 2 1  
3 8 0 0  
3 8 3 8  
3 9 9 7  
4 1 0 1  
4 2 3 4  
4 3 9 4  
4 5 9 6  
4 8 7 8  
5 3 0 6  
5 8 3 8  
6 6 5  1 
7 c 4 4  
7 4 1 7  
7 7 3 3  
8 0 4 1  
8 2 9 1  
R ? S O  
8 4 1 C  
8 5 0 2  
8 5 9 4  
P b l ?  
8 6 1 ?  
8 6 5 0  
8 6 6 7  
86fl4 
R 6 9 9  
R71? 
R7?1  
8 7 3 1  
8 7 1 5  
8 7 1 5  
8 7 2 9  
8 7 1 8  
8 7 0 0  
8 6 7 6  





7 6 3 1  
7 4 1 1  
7 l R 3  
6 9 4 8  
6 7 0 5  
6 4 5 2  
6 1 R 9  
5 9 1 3  
5 8 8 5  
5 8 5 6  
5 8 2 8  
5 7 9 9  
5 7 7 0  
5 7 4 0  
5 7 1 1  
5682  
5 6 5 )  
5 0 2 7  
5507  
5 5 6 7  
5511  
5 5 0 1  
5470  
5 4 3 9  
540R 
5 1 7 7  
5145 
5 1 1 9  
5 3 1 1  
TABLE I. - Continued. EQUILIBRIUM MOLECULAR WEIGHT, TKMPERATJW, AND CHARACTERISTIC 
EXHAUST VELOCITY AS FUNCTIONS OF INITIAL PROPELIANT FUEL FRACTION 
Fuel Molecular Tern- Charac- Fuel Moleculax 
f rac t ion  weight pera- t e r i s t i c  fraction weight 
ture,  exhaust 
C* , 
f t / sec  
OK velocity, 
Ten- Charac- 
pera- t e r i s t i c  
tu re ,  exhaust 
OK Velocity, 
c*, 















































e 7 5  
. e 3 3 3 3 3  
.85 















































6 7 7 7  








































































~ 9 4 5  
.950000 
-955 
- 9 6  
- 9 6 5  
- 9 7 5  
e 9 8  
-985 
~ 9 9 5  
1.0 





























































































3 1  -873 
37 .847 
31 -810 
37 . 758  
37 - 6 8 3  
37 e574 

























16 . 856  
16.331 
15.758 
1 5  .lo7 
14.332 

































































































































































TABLE I. - Concluded. EQUILIBRIUM MOLECULAR WEIGRT, TEMPERATURE, ANC CHARACTERISTIC 


































2 2  .537 
21.975 



































































































3 1 3 0  
3209 


















































5 3 3 1  










5 1 3 1  



































































































































































































































8 3  






5 2  





































































































































5 3 1 1  
24 NASA-Langley, 1965 E-284 2 
